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We present measurements of the recoil proton polarization for the d͑ g, p͒n reaction at u c.m. 90 ± for photon energies up to 2.4 GeV. These are the first data in this reaction for polarization transfer with circularly polarized photons. The induced polarization p y vanishes above 1 GeV, contrary to meson-baryon model expectations, in which resonances lead to large polarizations. However, the polarization transfer C x does not vanish above 1 GeV, inconsistent with hadron helicity conservation. Thus, we show that the scaling behavior observed in the d͑g, p͒n cross sections is not a result of perturbative QCD. These data should provide important tests of new nonperturbative calculations in the intermediate energy regime. One of the central goals of nuclear physics is to determine the role of quarks and gluons in nuclei and in nuclear reactions. Traditionally, nuclei and nuclear reactions are described in terms of effective nucleon-nucleon interactions which are mediated by the exchange of mesons. Meson-baryon model (MBM) calculations have been 0031-9007͞01͞86 (14)͞2975 (5) that only MBMs describe electron-deuteron scattering [1] . However, above 2 GeV 2 , where no polarization data exist, the deuteron form factor is consistent with both MBMs and a nonperturbative QCD model [2] .
Similarly, the deuteron photodisintegration cross sections [3] at u c.m. 90
± and photon energies above 1 GeV, which are equivalent to Q 2 4 GeV 2 in e-d elastic scattering [4] , exhibit an s 211 scaling behavior that is consistent with a MBM [5] , pQCD [6] , and a nonperturbative QCD model [7] . For this reason, we now provide new polarization data up to 2.4 GeV (equivalent to 9.6 GeV 2 in e-d scattering) to provide a stringent test of these competing pictures of deuteron photodisintegration. We show that pQCD is not a valid description of deuteron photodisintegration below 2.4 GeV. However, we also show that a state-of-the-art meson exchange calculation, which describes the cross section data, fails to even qualitatively describe the induced polarization above a photon energy of about 1 GeV.
There are two commonly accepted signatures of pQCD in exclusive reactions. First, the energy dependence of the cross section should be consistent with the constituent counting rules (CCR) [6] . Many reactions are consistent with the CCR [8] , including deuteron photodisintegration at u c.m. 90
± [3, [9] [10] [11] . Second, the polarization observables should be consistent with hadron helicity conservation (HHC) [12] . HHC arises from the fact that vector interactions (photon or gluon coupling with the quarks) conserve chirality, leading to conservation of the sum of the components of the hadronic spins along their respective momentum directions, and to predictions of spin observables. No exclusive reactions have been shown to satisfy HHC, but the number of studies is limited. The most detailed investigation was for proton-proton elastic scattering [13] , which is approximately consistent with CCR, but not with HHC. This has been attributed to long distance phenomena in which there are three independent scatterings of quarks in the beam proton from quarks in the target proton [14, 15] . This long distance (Landshoff) mechanism is strongly suppressed in photoreactions because the incoming photon can interact only with a single quark in the target [16] . The present work is the first direct test of HHC in a photoreaction in a kinematic region where the cross section exhibits scaling behavior.
The measurements were performed at the Thomas Jefferson National Accelerator Facility (JLab) Hall A. A polarized electron beam source used a strained GaAs crystal to produce a ഠ30 mA polarized electron beam. The beam helicity state was flipped pseudorandomly at 30 Hz. Charge asymmetries between the two helicity states were negligible. The beam polarization P e was measured every few days with the Hall A Møller polarimeter, and averaged about 70%, with typical uncertainties of 60.3% (stat) and 63.0% (syst).
Circularly polarized bremsstrahlung photons were generated when the electron beam impinged on a copper radiator with a thickness of 6% of a radiation length (4% for the lowest energy, 0.5 GeV), positioned ഠ73 cm upstream of a 15 cm liquid deuterium target. The ratio of the photon polarization P g to the beam polarization can be directly calculated [17] ; for the near-end-point photons of our experimental conditions, P g ͞P e is 98.4%-99.8%.
Protons from the target were detected in the Hall A high resolution hadron spectrometer. The trajectories were measured with vertical drift chambers (VDCs) located in the focal plane. The scattering angles, momentum, and interaction position at the target were calculated from the VDC tracks. Two planes of plastic scintillators provided triggering and time-of-flight information for particle identification. An aerogelČerenkov counter was used to identify and reject pions, which constitute a 1% background in these measurements.
The final element in the detector stack was the proton polarimeter, consisting of front and rear straw chambers that determined the scattering angles in a carbon analyzer. Transverse components of the proton polarization in the focal plane led to azimuthal asymmetries in the scattering distribution. All triggering scintillators were located before the analyzer, to prevent possible false asymmetries, at the expense of reading in events in which the protons were absorbed in the analyzer. The efficiency was large because of the large rear chambers, which detected all protons scattered at angles less than 15 ± , and had high geometric acceptance for scatterings up to 30 ± in the analyzer. The induced (transferred) polarization was determined by the sum (difference) of the azimuthal asymmetry distributions for the two beam helicity states.
The determination and subtraction of background processes, from electrodisintegration and from interactions with the target cell walls, were very similar to the procedures used for previous cross section measurements [3, [9] [10] [11] . Additional backgrounds included cosmic rays and neutral particles. Cosmic rays were easily rejected with scintillator time-of-flight cuts. Neutral particles interacted with the scintillators to generate triggers, but left no tracks in the VDC or polarimeter chambers. The incident photon energy was reconstructed from the scattered proton energy and angle, using two-body photodisintegration kinematics. Only events between the bremsstrahlung end point and the pion production threshold were used in the analysis.
Determination of the proton polarization required a careful treatment of polarimeter systematics. The alignment of the chambers was determined with straight-through trajectories, with the carbon analyzer removed. Additional systematic studies were performed with ep elastic scattering measurements at each of the eight spectrometer momentum settings used for the data of this experiment, since the analyzer thickness was varied to optimize the figure of merit for each setting. Polarization transfer in ep ! e p allows determination of both the ratio of the proton's electromagnetic form factors [18] and the carbon analyzing power, after accounting for spin transport through the spectrometer and the beam polarization. The spin transport analysis is similar to that of [19] . Our measurements [20] agree well with previous data for the form factor ratio [19] and for the carbon analyzing power [19, 21, 22] . The induced polarization in ep elastic scattering vanishes -neglecting small effects from two-photon exchange -allowing a direct measurement of the false asymmetries in the polarimeter. Cone tests largely ensure that false asymmetries are small, with magnitude typically ,0.01 and a smooth variation across the acceptance. The photodisintegration data for the induced polarization are corrected for the measured false asymmetries. For the polarization transfer data, the false asymmetries largely cancel with the helicity difference. Figure 1 compares our new data for the normal component of the induced polarization p y [23] to previous measurements [24] [25] [26] [27] [28] and theoretical predictions. While our low-energy data are in good agreement with other previous measurements, the disagreement of our data with the highest-energy Kharkov measurements [28] is evident. Note that the Kharkov measurements were taken under difficult experimental conditions, with large background rates, and without a polarized beam, which would have allowed a polarimeter calibration.
Above about 1 GeV, the induced polarization is small, consistent with zero. While the 2.4 GeV point might indicate a deviation from zero, the six highest-energy points are consistent with zero, with x 2 ͞d.o.f. 1.1, not including systematic uncertainties. The average of the six points is 20.02 6 0.02. Analysis of sensitivity to different false asymmetry models, alignment/tracking procedures, cuts, spin transport, and uncertainties in the carbon analyzing power leads to an estimated systematic uncertainty of about 60.04 for these induced polarizations. The largest contribution is 60.03 from the false asymmetry systematics.
The consistency of our measurements above 1 GeV with the pQCD helicity conservation prediction that p y 0 (dashed line, HHC), and the disagreement with the Bonn MBM prediction (solid line, MBM) [29] is striking. It is often suggested that at high momentum transfers/short distances, the MBM picture will break down and quark models will be needed. In our data, p y vanishes when 2t ഠ 1 GeV 2 . Do the qualitatively different characters of the data and calculation near and above 1 GeV indicate a possible breakdown? The large values of p y predicted by the Bonn group are similar to the predictions of other existing calculations -see below -which involve a number of approximations. Further theoretical studies are needed to come to a firm conclusion. The data only conclusively indicate that the existing calculations are not adequate.
The Bonn calculation includes p, r, h, and v exchanges, plus all well-established nucleon and D resonances with mass less than 2 GeV and J # 5͞2. Predictions in the D resonance region are similar to those of [30] [31] [32] , which included only the D resonance, as well as to those of [33] , which also included the Roper, S 11 , and D 13 resonances. The calculations suggest that final state interaction effects are small and that the Born amplitude is nearly real. At their peaks, the resonance amplitudes are imaginary in phase, and the stronger resonance amplitudes, of the D, D 1,3 , and D 3,3 , are similar in magnitude to the Born amplitude. The predicted induced polarization then becomes large near the resonance peaks, much larger than is observed in the data near 1 GeV.
The induced polarization p y is given -rewriting the expression from [27] -by
with f͑u͒ P 6 i1 P 6 jF i,6 j 2 . The four amplitudes that conserve hadronic helicity, F 1,1 , F 3,2 , F 5,1 , and F 5,2 , are multiplied by amplitudes that do not conserve hadronic helicity. While HHC would naturally explain the vanishing of p y , other explanations are possible, such as the two amplitudes in each product term having the same phase. Further tests of HHC can be provided by polarization transfer coefficients.
The transverse in-plane polarization transfer C x results from the real part of the same combination of amplitudes as p y . While C x will vanish if there is HHC, it does not necessarily vanish if the amplitudes have the same phase. The longitudinal in-plane polarization transfer C z is given by
With HHC and the assumptions of [34] about relations between the helicity conserving amplitudes at u c.m. 90 ± , C z also vanishes.
Our data for C x and C z are shown in Fig. 2 ; no previous data, and no calculations, exist for these observables. Systematic uncertainties for these data are in the range 0.01-0.03, except the 2.4 GeV C x and 1.9 GeV C z data points have systematic uncertainties of 0.06. No points are shown at 1.1 GeV, because an unpolarized beam was used at this energy, and at 2.4 GeV for C z , due to the unfavorable spin transport which makes the uncertainty ഠ1. The longitudinal component C z appears to decrease with energy above 1 GeV, and could become consistent with zero near 2 GeV, but uncertainties are large. The transverse component C x is nonzero in the energy range of this experiment, showing clearly that HHC is not valid, and thus pQCD cannot account for the observed data [35] .
We have shown that existing MBM and pQCD predictions fail for the polarization data. We now consider several nonperturbative quark models, which have been applied to deuteron photodisintegration cross sections. The QCD rescattering model [7] provides absolute cross section calculations that agree with the data. The nonperturbative contributions are effectively included in the hard scattering pn amplitude, which is taken from the pn data. Preliminary induced polarization calculations [36] from this model indicate that p y is small, for energies above about 2.5 GeV, as it is in the present data for energies from 1 to 2.4 GeV. There are also cross section calculations in the quark-gluon string model [37] , and polarization calculations are underway [38] . The quark exchange model [39] suggests that the amplitudes are nearly real; this can explain p y , but calculations are needed for C x and C z . The reduced nuclear amplitudes model [40] does not reproduce the cross sections well, and assumes helicity conservation, which would incorrectly predict that C x vanishes.
To summarize, we provide new benchmark data for recoil polarization in deuteron photodisintegration. Existing meson-baryon models fail to describe the data for the induced polarizations, which are surprisingly small for energies above about 1 GeV. The polarization transfer data are inconsistent with hadron helicity conservation, which is generally expected from pQCD. These data should provide important tests of new nonperturbative calculations in the intermediate energy regime.
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